We report a unique morphology of diamond nanoplatelets synthesized by microwave plasma chemical vapor deposition on Ni coated polycrystalline diamond substrates. The diamond nanoplatelets were as thin as approximately 30 nm. Electron microscopy showed that the diamond nanoplatelets appear in a shape consisting of trapezoid and parallelogram tabular crystallites. Furthermore, the diamond nanoplatelets were single crystalline, as shown by electron diffraction. The edges of nanoplatelets were along the 〈110〉 direction with both the top and bottom tabular surfaces parallel to the {111} plane. Transmission electron microscopy revealed that the twinned planes are parallel to the platelet and side-face structure in ridge shape is bounded by {100} and {111} planes. Lateral growth of diamond nanoplatelet is believed to result from twin and ridge face structure. An oriented thin graphite layer was observed on some diamond nanoplatelets.
I. INTRODUCTION
Diamond is an allotrope of carbon and has many outstanding properties, such as the highest hardness, excellent thermal conductivity, biological compatibility, chemical stability, and wide band gap, etc. 1 Thus, diamond nanostructure is believed to be vitally significant for the development of nanotechnology in practical applications such as material for severe environments and biological engineering. In comparison with other biological modified materials, diamond exhibits excellent stability, sensitivity, and selectivity, all of which are necessary factors for biosensor platforms. 2 Recently, it has been predicted that diamond nanorods may have unusual mechanical properties. 3 Furthermore, diamond nanostructure is expected to play an important role for nanoelectromechanical system applications due to its high elastic modulus and strength-to-weight ratio.
Because of the high surface energy of diamond, investigation on the stability of nanoscale diamond is also attracting more attention. Theoretical prediction of stability of diamond nanostructure has been addressed. 3, 4 Recently, several groups have attempted to fabricate diamond nanofibers from a diamond substrate by plasma etching 5, 6 and by growth on anodic aluminum oxide templates. 7 Other nanostructured diamonds have been formed in nanoclusters by ion implantation 8 and in nanocrystalline films by chemical vapor deposition (CVD). 9 The excellent elastic, mechanical, and thermal properties of nanocrystalline diamond films have already been demonstrated. 10 Herein, we present a unique nanostructure of diamond in platelet configuration. Although the platelet morphology of diamond had been reported by Angus et al., 11 it showed that formation of the diamond platelet with low aspect ratio was accompanied with diamond crystallites with three-dimension faceting. Also, the linear dimension of diamond platelets was on a micrometer scale. In this paper, we show that a large quantity of diamond platelets with thickness of about 30 nm can be obtained by microwave plasma chemical vapor deposition (MPCVD) , and the growth mechanism of the platelets based on the results of microstructural characterization from transmission electron microsocopy (TEM) observations is discussed.
II. EXPERIMENTAL

A. Diamond nanoplatelet synthesis
A 30-m-thick polycrystalline diamond film prepared by hot-filament chemical vapor deposition on 4-in. diameter silicon (100) wafers was used as the substrate. A 100-nm-thick nickel film was then coated on the polydiamond substrate by electron-beam evaporation. The synthesis of diamond nanoplatelets was carried out in a 2.45 GHz ASTeX (Wilmington, MA) microwave plasma CVD reactor. The substrate was placed on a graphite holder. The processing pressure was about 60 Torr, and 3% CH 4 in H 2 was used as the source gas. The input microwave power was about 800-1000 W. The substrate was immersed in the plasma to raise the temperature to above 1000°C, as measured by an optical pyrometer. The process parameters are summarized in Table I .
B. Characterization of diamond nanoplatelets by electron microscopy
After deposition, the surface morphology was examined using a field-emission scanning electron microscope (SEM; JEOL JSM-6500F at 10 kV, Tokyo, Japan). The nanoplatelets were further characterized by TEM. A Philips Tecnai 20 (Eindhoven, The Netherlands) TEM was used for image observation and selected-area diffraction (SAD) analyses. TEM specimens were prepared by stripping the nanoplatelets off the substrate in methanol using ultrasonic vibration, followed by dragging the suspension to mount the dispersion on a TEM copper grid covered with a holey carbon film. Electron energy-loss spectroscopy (EELS) was also used to analyze the chemistry of diamond nanoplatelets. EELS was performed using a Gatan Imaging Filter (Pleasanton, CA) equipped with the TEM. In the EELS analysis, we acquired spectra in diffraction mode with a semi-collection angle approximately 3.9 mrad. High-resolution transmission electron microscopy (HRTEM) was performed on a JEOL-2010F microscope with an information limit of 0.14 nm.
III. RESULTS
A. Morphological characterization by scanning electron microscopy
The substrate obtained from hot-filament chemical vapor deposition has large grains of several tens of micrometers with facets. After 2 h MPCVD processing, a large number of nanostructures with platelet or sheetlike shape had been deposited on the original diamond substrate, and the distribution of these deposits was relatively uniform all over the substrate surface, as shown in the lowmagnification SEM image of the surface in Fig. 1(a) . The high-magnification picture [ Fig. 1(b) ] clearly reveals that these plateletlike nanostructures are standing almost perpendicularly on the substrate, and some nanoplatelets standing on the same facet of the substrate are oriented in an identical orientation. The edge dimensions of the platelets are in the range of a few hundreds of nanometers to several micrometers. In Fig. 1(c) , the tabular face of these standing platelets exhibits the well-faceted morphology, suggesting that they are crystalline. Most of the nanoplatelets or nanosheets have a thickness of about 20-30 nm, as can be seen from those in the side-on orientations in Fig. 1(d) at higher magnification. SEM observations indicate that each platelet has a uniform thickness and high aspect ratio (approximately 11-90).
B. Morphological and crystallographic characterization by TEM
Further analysis of crystallography and morphology of these nanoplatelets was carried out by TEM. Figure 2 According to SAD, all the edges of diamond nanoplatelets are along the 〈110 〉 direction, and the top and bottom tabular surfaces are parallel to the {111} plane. In addition to diamond diffraction spots, we also found 6-fold extra diffraction spots with weak intensity in the SAD pattern, as indicated by white arrowheads, which correspond to an interplanar spacing of 2.16 ± 0.01 Å, determined by carefully calibrated measurements. These positions are close to 1/3{422} forbidden reflections of diamond (0.217 nm). Such weak reflection spots can arise from the surface atomic steps [12] [13] [14] or twinned crystals. 14, 15 However, such spots are also near the 1010 reflections (0.213 nm) of graphite (space group P6 3 /mmc, a ‫ס‬ 0.247 nm, c ‫ס‬ 0.693 nm) in the [0001] zone-axis pattern. Thus, the weak diffraction spots are probably contributed from both cases. To study the crystallographic characteristics and microstructure of the nanoplatelet, further diffraction examination in other zone-axes by tilting the TEM specimen was used. 
C. Composition and chemistry characterization of diamond nanoplatelets
To examine the composition and chemistry of the diamond nanoplatelets, EELS characterization was also used. In Fig. 3(a) , the low energy loss EELS spectrum shows a plasmon peak at 34 eV, which is the characteristic peak of diamond. It should be noted that the asymmetrical shape of the peak with a shoulder around the lower energy side is probably contributed from diamond surface plasmon (23 eV), amorphous carbon plasmon (25 eV), and graphite plasmon (27 eV). 18 The thickness of the nanoplatelet is estimated to be about 27 nm by the log-ratio method from the low-loss region of this spectrum. The estimated thickness by EELS is in excellent agreement with side-view SEM observation [ Fig. 1(d) ]. The near-edge structure of carbon K-edge in EELS [ Fig. 3(b) ] reveals that the chemical bonding state of the nanoplatelets has predominantly the characteristics of diamond in addition to a small peak at 285 eV corresponding to the * orbit of sp 2 carbon as a result of the graphite and amorphous carbon sheath. The EELS analyses show that diamond is the actually major component of the nanoplatelets. Fig. 4(a) , Moiré fringes can be clearly observed [ Fig. 4(b) ]. The measured angles between the crossed fringes are about 60°, and the spacing of the fringes is about 57.6 Å. According to SAD pattern [inset of Fig. 4(a) ], these fringes relate to the diffraction spots of diamond 220 and the graphite 1120, which have a small difference in interplanar spacing (∼0.02 Å). Theoretical calculation of the Moiré fringe spacing between diamond {022} and graphite {1120} is about 54.7 Å, which is close to the measured values within experimental error at the operation magnification. The results of diffraction patterns and Moiré fringes show that the crystallographic relationship of the graphite with the diamond is 〈111〉 dia // 〈0001〉 graphite and {11 0} dia // {1120} graphite . The crystallographic relationship between diamond and graphite, which suggests that the graphite layer epitaxially covers the surfaces of diamond platelets. The same relationship has been observed on the case of diamond epitaxial nucleation on graphite substrate. [19] [20] [21] Interestingly, the Moiré fringes disappeared under long period exposure of electron irradiation, implying that the thin graphite layer was damaged by electron beam. have observed an ultrathin oriented graphite layer on the diamond {111} face after annealing in a vacuum. 21 Although the explicit reason of graphite formation is not well understood, the formation of graphite is likely a result of high-temperature processing (>1100°C), which would induce partial graphitization of the diamond on the surface. 22 Alternatively, the formation of a thin graphite layer might result from the residual hydrocarbon radical in the chamber deposited on the diamond platelet after the microwave power was turned off.
D. Characterization of diamond nanoplatelets in the side-view direction
To realize the growth mechanism of platelets in detail, the TEM characterization in the side-view direction of the platelet is vitally important. As the tilting angle in the TEM is limited to 30°, it is impossible to obtain the image of the same platelet in side-on orientation by 90°t ilt. Fortunately, some of small platelets were situated on the carbon film in the side-on orientation, which allows further characterization. In Fig. 5(a) , a diamond nanoplatelet was just hung on the periphery of a hole in the supported carbon film in side-on orientation parallel to the TEM optic axis, so that we were able to examine the microstructure in side-view. The thickness of the platelet is approximately 20 nm, which is in good agreement with the SEM observation [ Fig. 1(d) ]. The SAD pattern Fig. 5 (a) from which the ridge edge structure can be observed. Based on the SAD pattern, the indexing of the facets of the side face of the platelet is schematically drawn in Fig. 5 (e). It shows that the side faces consist of {100} and {111} facets. It is believed that a twinning process occurred in a very early stage of diamond deposition and plays critical role for platelet growth. Thus, characterization of the platelet side face's detailed structure is essential to understand the platelet growth mechanism. However, the resolution of conventional TEM image approaches about 1 nm, which makes it difficult to examine the detailed feature of side face structure of the ultrathin twin lamella in atomic resolution. Therefore, high-resolution transmission electron microscopy (HRTEM) was used to characterize the side face structure. A HRTEM micrograph obtained from another diamond nanoplatelet is shown in Fig. 6 . Three twin boundaries parallel to the tabulate surfaces can be seen clearly, and they are terminated at the side faces. The thickness of the twinned lamellae is about 2 nm. The inset is a fast Fourier transformation (FFT) pattern of the image, showing the [011] zone axis diffraction pattern of twinned diamond. From the pattern and the lattice fringes, a ridge edge side-face structure of (100)/(100) T /(111)/(100) T faces is evident as illustrated by bold black lines. The angles between these faces are consistent with crystallography as well. Thus, the HRTEM results again confirm the existence of ridge edge structure consisting of (100) and (111) faces. Also, it is noticed that the dislocation density in the diamond nanoplatelets is very low as they are hardly seen in the TEM images we have examined.
IV. DISCUSSION
In common CVD diamond growth, the morphology of isolated diamonds often develops into cubo-octahedral and pyramid shapes by three-dimensional growth as determined by the relative growth rates on {100} and {111} faces. 23 In our case, the habit of diamond platelet via two-dimensional growth exhibits {111} faces. For diamond nanoplatelet, the lateral growth rate is much higher than the growth rate normal to the tabular plane, resulting in a high-aspect-ratio platelet configuration. Although the explicit reason for lateral growth of diamond nanoplatelets is not yet clear, the existence of twins on nanoplatelets provides a possible route for fast growth along the twin plane. The crystal shape of the perfect deposited crystals would be different to that of twinned ones. Various crystal shapes of twinned crystals have been reported by authors. In face-centered-cubic crystal, the multiplytwinned particles displaying 5-fold symmetry usually emerge as decahedra and/or icosahedra under normal crystal growth conditions. When multi-parallel twinning occurs in a crystal, the platelet can sometimes be observed. Such crystal platelets with parallel twins have already been observed in noble metals, 15 germanium, 24 and silver halides. 25 In the case of diamond, the hexagonal platelet of large micron-sized diamond with a low aspect ratio has been shown by Angus et al. 11 However, the present diamond nanoplatelets with high aspect ratio consist of several tabular crystallites in the shape of trapezoids and parallelograms.
Angus et al. observed the existence of re-entrant edge on the side-face of their platelet and considered that the growth of diamond platelet follows the twinned plane reentrant groove growth model. 11 The twinned plane reentrant groove growth model, which is the widely accepted explanation for the growth of these twinned platelets, was originally proposed by Hamilton and Seidensticker, and they proposed that the side-face of platelet was only bounded by {111} faces. 24 Thus, the side-face structure of the platelet was believed to consist of ridge and trough structure, and the trough structure was believed to exhibit a 141.1°re-entrant groove on the side face, which provides preferential growth sites for the lateral development of platelet. Because the site has higher number of nearest neighbors than flat {111} plane, it is the most likely place for the adatom incorporation and acts as a self-perpetuating step source for lateral growth. 11, 26 However, it is not certain if this growth mechanism can be applied to the case of diamond nanoplatelets as no apparent re-entrant grooves on the side face can be seen from the HRTEM image of Fig. 6 . In contrast, only a ridge side face structure can be observed. Faceting with ridge side face structure contained {100} and {111} face in CVD diamond crystal has hardly reported before; however, such a ridge side-face structure with {100} and {111} faces has been often found in silver halide crystals, and various ridge side-face structures have been also extensively demonstrated. 25, [27] [28] [29] Actually, the re-entrant groove only bounded {111} faces is not the sole side-face structure causing the lateral growth of platelet. The different relative growth rate between {111} and {100} would cause the various sideface structure of the twinned platelet, as shown by Bögels et al. 28, 29 In silver halide crystal, the slow growth rate of {100} face results in the emergence of {100} face on the side face. Furthermore, Lee et al. 30 used the Monte Carlo method to simulate the development of the side-face structure of a face-centered-cubic twinned crystal platelet under various relative growth rate between {100} and {111} faces. They showed that the twinned plane re-entrant groove only bounded by {111} faces appears in the situation of very high {100} face growth rate, and when the {100} face growth rate is reduced, the ridgeedge side-face structures consisting of {100} and {111} face are major characteristics. Although the growth rate of {100} face is reduced in the above case, the {100} face still has higher growth rate than {111} face, due to the higher number of neighbors for adatoms on the {100} face.
The occurrence of preferential lateral growth in ridge edge side face structure can be rationalized by considering the sub-step model proposed by Ming et al., 31 which is supported by subsequent experimental evidence. [27] [28] [29] The illustration of the sub-step model is shown in Figs. 7(a)-7(f). The model is based on the assumption that {100} faces grow faster than {111}, and it can be recognized that the two-dimensional nucleation easily occurs on the {100}, as illustrated in Fig. 6(b) . When the nucleation occurs, a new layer forms and extends to the ridge edge where there is a twin plane. As it occurs, the sub-step then emerges near the ridge edge [ Fig. 7(c) ], as indicated by black arrows. In case of crystal growth of CVD diamond, the mechanism and chemistry is very distinct from conventional vapor phase crystal growth. For the CVD diamond growth, it has been generally accepted that the surface is predominantly terminated with hydrogen. As the terminated hydrogen can be abstracted by atomic hydrogen in the plasma, the left site is activated with the dangling bonds on the surface. Then the site allows the addition of the reactive hydrocarbon radicals, such as methyl, into C-C bonding in sp 3 bonds, such that the surface is again hydrogen terminated. [32] [33] [34] According to simulation in atomic model, 11, 34 the formation of a stable surface nucleus on flat {111} face requires three carbon atoms. However, the sub-step atomic model shows only two atoms are required to attach to the site to extend across the twin plane [ Fig. 7(e) ]. Further growth on {111} sector can proceed, as shown in Fig. 7(f) . Therefore, the probability for incorporation of the adatoms at sub-step is very high. After atoms are accommodated at the site, the step flow can easily extend across ridge edge (twin plane) to complete the growth of the {111} layer [ Fig. 7(d)] . Thus, the sub-step site in the ridge edge acts as a self-perpetuating step source, resulting in lateral growth. On the {100} face, there are a higher number of neighbors for adatoms which might cause a higher nucleation rate than on {111} face. As a result of sub-step on the side face, {111} growth on the side faces is much easier than it is on the {111} tabular planes. Thus, it can explain that lateral growth of platelet still persists in ridge edge side face structure, even though the side face structure has no re-entrant groove to provide preferential growth site. Therefore, it is recognized that {100} face plays an important role in the lateral growth. 25, 27, 28 We have noticed that conventional CVD diamond is synthesized at substrate temperature in the range of 700-900°C, which is much lower than the present case (>1100°C). Using the same experimental condition at lower temperature, we found no platelets on the substrate. Thus, it is likely that the high-temperature condition might favor the growth of twinned diamond nanoplatelet. Also, it is well-known that the relative growth rate of {111} and {100} face of diamond significantly depends on growth condition. 23 According to the above arguments, we believe that the ridge edge side-face structure in diamond nanoplatelet, which has rarely observed before is closely related with the significantly different growth condition (relative growth rate of {100} and {111} faces, high processing temperature, and chemical reaction, etc.).
The droplets of Ni in several tens of nanometers were also seen by TEM and SEM (not shown), while no Ni in diamond platelets was detected by x-ray energy dispersive spectroscopy and EELS. The influence of Ni on formation of diamond nanoplatelets is still unknown at the moment and will be clarified in future work.
V. CONCLUSIONS
Single-crystalline diamond nanoplatelets 30 nm thickness were synthesized on Ni-coated polycrystalline diamond substrate by the MPCVD process at 1100°C. Characterization of SEM and TEM indicates that the diamond nanoplatelets appear in a specific shape consisting of several trapezoid and parallelogram tabular crystallites. Electron diffraction verifies that the top and bottom tabular planes of the platelet are {111} face and the edges of nanoplatelets are along the 〈110〉 directions. The multi-parallel twins in diamond platelets were revealed by plan-view and side-view TEM observations. The presence of twins with a ridge side face structure is essential for the lateral growth of diamond nanoplatelets. From EELS characterization, it is evident that diamond is the major component of the nanoplatelets. An oriented thin graphite layer is also observed on some nanoplatelets.
